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Laboratory experiments on the effectiveness of mangroves to reduce tsunami energy were performed. A
complex tree structure of Rhizophora sp. was parameterized using the stiff structure assumption (root system and
trunk) for different submerged root volume ratios and frontal tree areas. The hydraulic resistance of the prototype
and the parameterized models under steady ﬂow conditions was compared and the most appropriate parameterized
model in terms of both equivalent ﬂow resistance and practical feasibility was selected for further investigation.
The damping performance of the mangrove forest was determined from laboratory tests performed synchronously
in a twin-wave ﬂumes (with and without the forest model in 1 and 2 m-wide wave ﬂumes, respectively) for varying
incident height of solitary wave, water depth and forest width. The role of the different types of wave evolution
modes on wave damping is discussed based on the measurements of the forces exerted on the single tree models
along the entire forest width. A new approach for the wave transmission coefﬁcient, which is based on the ratio of
the forces exerted on the trees placed in the last and ﬁrst forest row, is proposed. In the paper, the most important
results of the tree parameterization procedure and the wave ﬂume experiments are discussed.
Key words: Tsunami attenuation, mangroves, tree parameterization, laboratory experiments.
1. Introduction
The capability of coastal forests to reduce the impacts
of extreme events such as tsunamis and storm surges has
been reasonably considered by engineers and scientists as
one of the risk mitigation measure alternatives. In some de-
gree, typical coastal forest vegetation such as mangroves or
coastal pines are generally sufﬁcient to withstand extreme
winds or storms. However, the capability of the forests to
withstand extremely high tsunami has controversially been
discussed due to the fact that so far, there are no deﬁnite
conclusions, particularly on the role of the coastal forests
as an effective natural tsunami barrier. Several reports
and surveys (ﬁeld observations, experienced damage, and
satellite images) have apparently shown that coastal forests
may play an important role as a natural protection against
tsunami (Dahdouh-Guebas et al., 2005). These ﬁndings are
also supported by semi-analytical and empirical approaches
based on series of experiments using either physical or nu-
merical models (Istiyanto et al., 2003; Imai and Matsutomi,
2005; Yanagisawa et al., 2009).
On the other hand, many unknown aspects still remain
unknown to draw any conclusions on the effectiveness of
coastal forest vegetation as a protective green-shield. Field
evidence (damage surveys) also showed that coastal forests
did not always effectively protect coastal areas from de-
struction by tsunami (Chatenoux and Peduzzi, 2005). Some
tree species did survive tsunami attack, however the villages
behind them experienced signiﬁcant damages (Tanaka et
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al., 2007). Even in some areas with dense and healthy man-
groves (e.g. Ule-lhe, Banda Aceh, Indonesia), the forest did
not provide any protection against the 2004 tsunami. In-
stead, the trees were destroyed, uprooted, and carried kilo-
metres inland, creating more lethal tsunami debris (EJF,
2006). Moreover, tsunami onshore propagation, the effect
of complex bathymetry and topography, and relevant vege-
tation characteristics are some of the poorly understood as-
pects related to the damping performance of coastal forests.
One of the important aspects associated with the attenu-
ation performance of coastal forest against tsunami is the
hydraulic resistance of the vegetation, which determines
the overall tsunami attenuation (transmission, reﬂection and
dissipation) by coastal forests. Efforts to derive the hy-
draulic resistance in terms of drag, inertia or Manning
roughness coefﬁcients have been made mostly via series of
laboratory experiments (Harada and Imamura, 2000). To
provide reliable values of the hydraulic resistance from lab-
oratory tests, the complex tree structure has to be simpliﬁed
ﬁrst through a parameterization process, based on the as-
sumption that the hydraulic resistance of the prototype tree
and the parameterized tree model is identical. However, the
methodologies used to parameterize the vegetations were
often not physically-based and contradictory to each other
(Husrin and Oumeraci, 2009). To date, there is no general
consensus for a proper selection of the hydraulic resistance
for typical coastal forest vegetation.
Another aspect that has not been fully understood is the
distinction between tsunami attenuation by shore topogra-
phy and coastal forest. The presence of natural complex
bathymetry/topography (e.g. natural reefs or dunes) may
signiﬁcantly contribute to the attenuation of tsunami en-
ergy in comparison to that of the coastal forest (Chatenoux
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Fig. 1. Three types of real mangrove models with different submerged volume ratio Vm/V with corresponding parameterized models of varying frontal
area and cylinder diameters.
and Peduzzi, 2005). Strusin´ska (2011) has concluded that
the dissipation of tsunami-like solitary wave by submerged
reefs is inﬂuenced not only by wave conditions but also
by reef geometry and local water depth conditions, af-
fecting generation of wave breaking. Different shore to-
pography (i.e. different beach slopes) has also been exam-
ined in laboratory experiments to determine the attenuation
of tsunami by forest models (e.g. Istiyanto et al., 2003;
Kongko, 2004; Imai and Matsutomi, 2005). However, the
distinction between the energy dissipation due to the forest
and the shore topography, including the associated physi-
cal processes such as inception of wave breaking, was not
clearly shown.
In this paper, a concept for the parameterization of man-
grove trees (Rhizophora sp.) with stiff structure assumption
(only roots and trunk) and their associated hydraulic resis-
tance coefﬁcients will ﬁrst be discussed, including some as-
pects not considered so far in the literature and which have
been identiﬁed based on the recent laboratory tests. Fur-
thermore, the most ﬁrst results of the large scale model tests
on the damping performance of the forest, consisting of in-
dividual parameterized mangrove tree models, will be pre-
sented.
2. Developed Procedure of Tree Parameterization
Parameterization is a simpliﬁcation process of a complex
3D structure of coastal forest vegetation to a simpler and
more organized model with a similar resistance to ﬂow, i.e.
the hydraulic losses of the prototype should be similar to
the hydraulic losses of the proposed parameterized model.
Husrin and Oumeraci (2009) have identiﬁed the most im-
portant parameters and aspects for the parameterization of
typical coastal forest vegetations; mangroves and coastal
pines. Not only geometrical aspects should be considered
in the vegetation parameterizations, but also other physical
and biological aspects such as tree species, age, stiffness,
frontal area, canopy density (characterised by the leaf area
index LAI), natural frequencies, and behaviour under sea-
sonal changes.
Considering the physical and morphological aspects of
the vegetation, three main parts of a tree are addressed in
the parameterization: roots, trunk and canopy. Each struc-
tural part of a tree contributes simultaneously in block-
ing/reducing the ﬂow impact. For tsunami height lower
than the canopy, the trunk and roots play a dominant role
in the ﬂow reduction; this is particularly the case for the
complex root system of mangroves (Rhizophora sp.). How-
ever, when tsunami reaches the canopy, all parts of the tree
become important. The canopy with much higher density
may result in higher wave damping, provided the trunk is
strong enough (not broken) and the roots are well anchored
in the soil (not uprooted). These characteristics (the canopy
density, the trunk strength, and root parameters) depend on
the vegetation species, age, and environmental aspects. At
younger age, any species are vulnerable to damage (break-
ing or uprooting), while at a mature stage, trees are struc-
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Fig. 2. Experimental set-up in the ﬂume for steady ﬂow.
turally more stable but still vulnerable to breakage. There-
fore, two assumptions have been made for the parameteri-
zation process: (i) stiff structure assumption, in which trunk
and roots of the tree are considered, (ii) ﬂexible structure
assumption which is applicable to all tree components (i.e.
trunk, roots, and canopy). In this paper, the parameteriza-
tion of a mangrove tree (Rhizophora sp.) according to the
stiff structure assumption will be discussed in more details,
including the derivation of the hydraulic resistance based
on results obtained from laboratory experiments. This as-
sumption results from the fact that most of the bottom parts
of mature mangroves (Rhizophora sp.) remain intake after
being hit by large tsunami (Yanagisawa et al., 2009). Fur-
thermore, for the case where tsunami does not reach the
canopy, the roots and the trunk behave relatively stiff.
Three mangrove models of complex roots with different
density, analogue to the prototype, were constructed at a
scale of 1:20. These are called hereafter ‘real tree models’
or models A1, B1, and C1 (see Fig. 1). The dimensions of
the roots refer to the work of Istiyanto et al. (2003) and are
based on the ﬁeld measurements of the mangrove forest in
Jakarta Bay, Indonesia by the ﬁrst author. The height of a
mature Rhizophora sp. is typically 15 m from the bottom
and the height of the root system for a 15 m high tree is
2.50 m. The submerged volume ratio of these models is
within the range reported by Mazda et al. (1997).
For each real model, three parameterized models made
of a group of cylinders with different diameters were con-
structed. The different diameters indicate the inﬂuence
of different frontal area A f , submerged root volume ratio
Vm/V , and cylinder dimensions on the hydraulic perfor-
mance of the models. The frontal area A f (or blockage
area) is deﬁned as the area perpendicular to the ﬂow direc-
tion of the submerged tree model. Hence, the frontal area
is determined by taking the picture of the intended side of
the model to be subjected by the ﬂow (Fig. 1). The sub-
merged root volume ratio is deﬁned as a ratio of the sub-
merged root volume (Vm) related to the water control vol-
ume (V ) (Mazda et al., 1997). Both the frontal area and the
submerged volume ratio vary as the water level changes.
Figure 1 also shows real mangrove models and their coun-
terpart parameterized models with the nomenclature used.
A ﬂume with steady ﬂow was used to measure the hy-
draulic properties of the models. The models and the mea-
suring devices (current meters, surface elevation gauges,
and a force transducer) were installed in the middle of the
ﬂume (see Fig. 2). With a scale of 1:20, Froude’s similitude
law was applied to obtain the required ﬂow velocities (dis-
charges) for the whole series of the experiments. Maximum
measured tsunami onshore velocities range from 2–5 m/s
(Fritz et al., 2006) so that the required current velocities in
the model should be at least within the range of 0.4–1.0 m/s.
Flow velocities were measured using Acoustic Doppler Ve-
locimeters (ADV) in front of and behind the model. Sur-
face elevation was measured at three locations: in front of,
at and behind the mangrove model. Hydraulic forces were
measured by means of a force transducer mounted to the
bottom of the tree model.
All models were tested in the ﬂume according to the ex-
perimental set-up shown in Fig. 2. Different ﬂow velocities
ranging from u = 0.2–1.4 m/s (or relative ﬂow discharges
q = 0.2–1.4 m3/s/m2) for four water depths (h = 0.05,
0.10, 0.125 and 0.15 m) were employed in the testing pro-
gramme to investigate the effect of varying frontal area A f
and submerged root volume ratio Vm/V on the measured
hydraulic forces. The ﬂow velocity is measured at the level
of at least 0.4 h above the platform which can be consid-
ered as the depth-averaged ﬂow velocity. Each model was
subjected to a combination of different current velocities
and water depths in 17 tests. Therefore, the total number of
tests is 204 (17 tests × 12 mangrove models).
The measured hydraulic forces are plotted in Fig. 3 for
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Fig. 3. Results of hydraulic force measurements for all mangrove models
(see also Fig. 1 for model deﬁnition).
different root densities. The effect of the root density is
clearly visible—the force increases as the root density in-
creases. The measured force increases by about 65% from
8.5 N for the lowest root density to 14 N for the highest root
density. It is also clear that the size of the cylinder diame-
ter, used to represent the mangrove root system, inﬂuences
signiﬁcantly the measured forces—as the root density in-
creases, the effect of the cylinder diameter decreases. The
cylinder diameter Dc = 0.5 cm, which is close to the av-
eraged root diameter of the real model, shows consistent
results for all considered root densities.
Comparison of the measured forces for the real and the
parameterized models is necessary to identify which param-
eterized model is most appropriate to represent its actual
counterpart (i.e. the real model). Therefore, the deviation
from the real model represents a very important parameter
for the selection of the appropriate parameterized model.
The deviation of the measured forces on the parameterized
models from that on the real models is calculated as follows:
δFD = FD(par) − FD(real)
FD(real)
∗ 100% (1)
where δFD is the deviation of the measured force, FD(par)
the measured force exerted on the parameterized model and
FD(real) the measured force exerted on the real model.
In terms of the force measurements, the parameterized
models with cylinder diameter 0.5 cm provide a better rep-
resentation of the real model with a deviation about −13%
(see Table 1). Moreover, the force measurements showed
much more reliable and conclusive results. The measured
forces for both real and parameterized models are compa-
rable and consistent with the physical characteristics of the
respective models (i.e. density and frontal area). The ﬂow-
induced force is a function of both ﬂow regime and the char-
acteristics of the body in the ﬂow. Therefore, considering
the discussion above, the parameterized model with cylin-
der diameter Dc = 0.5 cm is the most representative one.
Large force deviations, attributed to the parameterized
models with larger cylinder diameters (Dc = 1.0 and
Dc = 1.5 cm) may result from the different cylinder geom-
etry used, which affect the magnitude of the ﬂow-induced
forces. The models with Dc = 1.0 cm are subjected to
larger forces (averaged deviation of δFD = 42%) in com-
parison to the models with the largest cylinder diameter
(Dc = 1.5 cm) and with clearly smaller forces measured
(averaged deviation, δFD = −35%), as shown in Table 1.
The weaker ﬂow-induced load on these models is caused by
larger spaces among individual cylinders, allowing the ﬂow
to pass more freely through the models (see Fig. 1).
According to the Morisson equation, the total hydraulic
force of a body subject to ﬂow consists of drag and inertia
forces. In the parameterization study, the inertia compo-
nent is not considered because the ﬂow is quasi-steady (i.e.
the changing rate of ﬂow velocity du/dt during the exper-
iments is negligibly small). Therefore, the total hydraulic
force for the current study can be simpliﬁed as follows:
FD = 1
2
ρCD A f u
2 (2)




where A f is the frontal area of the mangrove model, FD the
measured drag force, u the current velocity and ρ the water
density.
To validate the reliability of the parameterized models,
the hydraulic resistance in terms of drag coefﬁcient CD
is investigated further according to Eq. (3). Mazda et al.
(1997) proposed a relationship between CD and Reynolds
number Re, in which the Reynolds number has been re-
deﬁned for the mangrove root system. Therefore, the
characteristic length scale in the original deﬁnition of the
Reynolds number should be replaced by an effective length
Le, which can be interpreted as a measure of porosity ex-
pressed in a length scale. Larger Le values mean smaller
root density and smaller Le values mean larger root density.
The effective length of a mangrove root system is deﬁned
according to the concept of submerged root volume ratio
Vm/V and frontal area A f :
Le = V − Vm
A f
. (4)
S. HUSRIN et al.: TSUNAMI ATTENUATION BY MANGROVE FOREST 977
Table 1. Force measurements deviation of parameterized models in comparison to real models.
Cylinder Parameterized Force deviation from the real model Averaged
diameter models A1 B1 C1 deviation
0.5 cm
A2 −9% — —
−13%B2 — −23% —
C2 — — −8%
1.0 cm
A3 74% — —
42%B3 — −6% —
C3 — — 58%
1.5 cm
A4 −66% — —
−35%B4 — −27% —
C4 — — −12%
Fig. 4. Drag coefﬁcient CD as a function of effective length Le .




where Le is the effective length, u the averaged ﬂow ve-
locity, V the water control volume, Vm the submerged
root volume and ν the kinematic viscosity of water (ν =
1.004 × 10−6 m2/s for water temperature of 20◦C).
The CD values, plotted against effective length Le in
Fig. 4, clearly show the inﬂuence of both the submerged
root volume ratio and the frontal area. The frontal area
which is intrinsically included in the Le obviously inﬂu-
ences the CD . As the A f increases, Le decreases and the
CD generally increases as well. The FD of Models C are
generally larger than Models B and C. The CD increases
for smaller Le (higher root density and larger A f ) for all
mangrove models and it decreases towards 1.0 as the effec-
tive length increases (lower root density and smaller A f ).
This means the higher Le values lead to a more sparse root
system. Thus, at this condition, the root system may act as
a single cylinder because the associated CD is equivalent to
the CD for a single cylinder (CD = 1.0 for Re = 102–105).
The results shown in Fig. 4 are comparable with other mea-
surements such as those presented by Grant and Nickling
(1998). Higher root density (smaller Le) is associated with
higher drag coefﬁcients due to the fact that the ﬂow may
skim around the object instead of penetrating through the
root system. At some points, the ﬂow interaction within
the roots (or a group of cylinders) may experience pressure
losses in the wake, thus resulting in higher CD values. In
contrast, lower root density (higher Le) allows the ﬂow to
penetrate freely into the root system without loosing much
of the momentum and low wake interference.
The recent study is also comparable to the previous ex-
periments dealing with mangrove models and their hy-
draulic resistance. Harada and Imamura (2000) conducted
laboratory experiments using artiﬁcial porous media for pa-
rameterized mangrove models and proposed a relationship
forCD versus Vm/V . Though, the physical basis of the rela-
tionship is unclear, incomplete and found to be in the lower
envelope of the current study (Husrin and Oumeraci, 2010).
The obtained hydraulic resistance from the current study
also conﬁrms the laboratory works of Struve et al. (2003)
for higher CD values and Imai and Matsutomi (2005) for
smaller CD values (CD ∼ 1.0).
Moreover, a new relationship for the ﬂow resistance in
terms of drag coefﬁcient CD can be derived as a function of
Reynolds number (see Fig. 5): for the upper envelope:
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Fig. 5. Drag coefﬁcient CD as a function of Reynolds number Re .
and for the lower envelope:
CD = 1.0. (7)
Combining all of the obtained data from the experiments
with the real models (models A1, B1 and C1) and the pa-
rameterized mangrove models (models A2, B2 and C2), the
optimum relationship of CD as a function of the Reynolds
number can be derived as follows:




The relationships shown in Eqs. (6)–(8) and in Fig. 5 ex-
plain thoroughly both physical object properties and ﬂow
characteristics such as variation of root density Vm/V ,
frontal area A f , and ﬂow regimes. Therefore, the parame-
terized model, which has been selected in the current study,
is physically based and sufﬁciently veriﬁed under steady
ﬂow conditions to be further implemented for a larger scale
of model experiments on tsunami attenuation by a man-
grove forest under a stiff structure assumption in a wave
ﬂume, described in the next section.
3. Wave Flume Experiments on Tsunami Attenu-
ation by Mangrove Forest
The effect of a mangrove forest on wave attenuation was
examined by performing synchronous experiments in the
twin-wave ﬂumes of the Leichtweiss-Institute (LWI) at the
Braunschweig University of Technology (Germany), which
consists of 1 m- and 2 m-wide parallel ﬂumes, both approxi-
mately 90 m long and 1.2 m high. For this purpose, a typical
coastal cross-shore proﬁle with and without the mangrove
forest model was constructed in the 2 m- and the 1 m-wide
ﬂumes, respectively (see Figs. 6(a) and (b)). The sloping
part of the cross-shore proﬁle (∼1:20), built at a distance of
23.64 m from the wave maker, represents a foreshore slope,
which evolves into a horizontal platform of height 0.415 m,
containing the parameterized mangrove forest model.
The forest model was arranged in staggered rows of 12
and 13 tree models, as shown in Fig. 6(b). Thus, the forest
density was kept constant and only the forest width was
varying (B = 0.75, 1.5, 2.25 and 3.0 m as well as B =
0.0 m corresponding to no forest in the 1 m-wide ﬂume).
By varying the water depth in front of the foreshore model
(h = 0.415, 0.465, 0.515, 0.565 and 0.615 m), different
submergence depths of the forest were achieved, covering
the entire tree model height (i.e. up to the top of a trunk
in case of the stiff tree structure): the tree models were
fully emerged for dr = 0.0 m and fully submerged for
dr = 0.2 m (dr : water depth over the horizontal part of
the beach platform).
However, the lowest water level (dr = 0.0 m) was further
excluded from the experimental programme, since waves
did not reach the forest front and thus no wave transmission
through the forest was observed. The same solitary waves
of varying incident nominal wave height Hi,nom = 0.04–
0.20 m (with an increment of 0.04 m) were generated syn-
chronously in both wave ﬂumes (Table 2).
The complex wave-forest interaction required diverse
measuring techniques and the development of new devices
adjusted to the testing conditions (see Fig. 7). More than 10
force transducers recording wave-induced forces on single
tree models (FTS) and one force transducer recording forces
exerted on the entire forest model (FT) were designed, con-
structed and calibrated. The measurements of the forces
exerted on the tree models were performed through a di-
rect connection of the device to the tree model as shown
in Fig. 6(d) (ensuring free movement of the tree in the di-
rection of wave propagation). In order to record the forces
exerted on the entire forest model, a steel frame containing
the mangrove models, moveable in the direction of wave
propagation, was attached to the force transducer, as shown
in Fig. 6(e). More than 30 wave gauges were deployed to
determine the wave evolution along the wave ﬂumes, while
information on the pressure and the velocity ﬁelds at the for-
est was provided by pressure transducers (PT) and Acoustic
Doppler Velocimeters (ADV), respectively (see Figs. 6(a)
and (c)).
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Fig. 6. Exemplary set-up of forest model of width B = 3.0 m in twin-wave ﬂumes with deployed measuring devices.
4. Classiﬁcation of Wave Evolution Modes
Two main sources of wave damping have been recog-
nized in the performed tests: (i) due to the wave interaction
with the mangrove models, particularly with the root sys-
tem, (ii) due to wave breaking generated for favorable wa-
ter depth/incident wave conditions. In order to identify the
origin of the wave energy reduction and to properly assess
the wave damping performance of the mangrove forest, a
classiﬁcation of the wave evolution modes is introduced for
waves propagating in the 2 m- and 1 m-wide ﬂumes (i.e.
with and without the forest model, respectively). The crite-
ria employed to characterized the modes of wave behaviour
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Table 2. Dimensions of prototype forest and forest model with corresponding water depth and wave conditions (according to Froude’s similitude law
with a scale of 1:25).
Parameter Prototype forest Forest model
Height of tree trunk htr [m] 5.0 0.20
Forest width B [m] 0.0, 18.75, 37.50, 56.25, 75.00 0.0, 0.75, 1.50, 2.25, 3.00
Water depth h [m] 10.375, 11.625, 12.875, 14.125, 15.375 0.415, 0.465, 0.515, 0.565, 0.615
Forest submergence depth dr [m] 5.0, 3.75, 2.50, 1.25, 0.0 0.20, 0.15, 0.10, 0.05, 0.0
Nominal incident wave height Hi,nom [m] 1.0, 2.0, 3.0, 4.0, 5.0 0.04, 0.08, 0.12, 0.16, 0.20
Fig. 7. Exemplary signals for all types of measuring devices deployed in the wave ﬂumes.
were:
(i) generation of wave breaking,
(ii) location of incipient wave breaking occurring in four
regions along the beach proﬁle as shown in Fig. 8
(i.e. in region 1 over the foreshore slope, in region
2 stretched between the end of the foreshore slope
and the beginning of the forest model, in region 3
corresponding to the forest width, in region 4 behind
the forest model),
(iii) generation of wave ﬁssion resulting in a train of soli-
tary waves emerging from a single incident solitary
wave (consisting of at least two solitons), caused pre-
dominantly by the water depth reduction from h =
0.465–0.615 m in front of the beach proﬁle to dr =
0.05–0.20 m above the horizontal part of the beach
model, and also due to the presence of the forest
model.
Based on the free surface measurements and video
recordings, the following wave evolution modes have been
distinguished:
• Non-breaking waves:
- Non-breaking wave disintegrating into solitons (evo-
lution mode “EM1”). No wave breaking is gener-
ated as the wave propagates over the entire foreshore
model. However, the wave splits into a number of
solitons (see Figs. 8(a) and 9). This evolution mode
was observed for two smallest incident wave heights:
Hi,nom = 0.04 m at water depth h = 0.515–0.615 m
and Hi,nom = 0.08 m at water depth h = 0.615 m.
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Fig. 8. Classiﬁcation of evolution modes for solitary waves propagating in 2 m-wide ﬂume containing the forest model.
• Breaking waves:
- Breaking of incident wave over the beach slope
(i.e. in region 1) with wave disintegration into soli-
tons (evolution mode “EM2”). The progressive bro-
ken wave resembles a turbulent bore (see Figs. 8(b)
and 9). Due to the complex shape of the broken wave,
recognition of wave ﬁssion generation was in some
cases not successful and thus a longer travel distance
would be required for a full development of the soli-
tons. A promising analysis method for this purpose
is the non-linear Fourier Transform proposed by Bru¨hl
and Oumeraci (2010). This evolution mode is typical
for the smallest water depth h = 0.465 m and rela-
tively high waves Hi,nom = 0.12–0.20 m.
- Breaking of incident wave in the region between the
end of the beach slope and the beginning of the forest
model (i.e. in region 2) with wave disintegration into
solitons (evolution mode “EM3”) (Figs. 8(c) and 9).
This evolution mode was found to be the mostly of-
ten observed pattern in the tests. Depending on the in-
ception point of the wave breaking, two submodes can
be further distinguished: (i) generation of wave break-
ing followed by wave ﬁssion, provided breaking event
was generated very close to the end of the foreshore
slope (evolution mode “EM3a”), (ii) wave disintegra-
tion into solitons followed by wave breaking occurring
for the tests in which the inception point of breaking
was shifted towards the beginning of the forest (evolu-
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Fig. 9. Evolution modes as a function of forest width B, water depth h and nominal wave height Hi,nom .
tion mode “EM3b”).
- Breaking of incident wave in the forest model (i.e. in
region 3) with wave disintegration into solitons (evo-
lution mode “EM4”). The process of wave scatter-
ing into solitons takes place already in front of the
forest. As a result of the increase of the height of
the leading soliton, which accompanies wave ﬁssion,
the ﬁrst wave becomes unstable and breaks in the for-
est. Further development of the ﬁssion process starts
once the breaking event is accomplished (see Figs. 8(d)
and 9). This evolution mode was observed for for-
est width B = 1.5–3.0 m, two highest water levels
h = 0.565 and 0.615 m and incident wave height range
of Hi,nom = 0.08–0.16 m.
- Breaking of incident wave behind the forest model
(i.e. in region 4) with wave disintegration into solitons
(evolution mode “EM5”). Similarly to “EM4”, the
incident wave starts to scatter into solitons in front of
the forest: The leading soliton becomes unstable due
to the wave height ampliﬁcation associated with the
ﬁssion, and breaks behind the forest. Further evolution
of the solitons can be observed within and behind the
forest (Figs. 8(e) and 9). This evolution mode was
observed solely for the shortest forest of width B =
0.75 m, for waves of height Hi,nom = 0.08 m generated
at water depth h = 0.565 m and Hi,nom = 0.12 m at
h = 0.615 m.
The effect of water depth, incident wave height and for-
est width on the solitary wave evolution modes observed
in the 2 m-wide ﬂume is illustrated in Fig. 9. The change
of the two ﬁrst parameters was found to inﬂuence sig-
niﬁcantly the pattern of wave behaviour, particularly on
the transition from the breaking to the non-breaking wave
conditions. Generally, smaller waves (Hi,nom = 0.04,
0.08 m), generated at the lowest water depth (h = 0.465 m),
broke in front of the forest (“EM3”), while higher waves
(Hi,nom = 0.12–0.20 m) broke earlier, already over the
foreshore slope (“EM2”). By increasing the water depth
to h = 0.515 m, non-breaking wave conditions (“EM1”)
were achieved solely for the smallest wave height (Hi,nom =
0.04 m), while waves of height Hi,nom = 0.08–0.20 m
broke in front of the forest (“EM3”). In this case, waves of
height Hi,nom = 0.08 m, which were classiﬁed as “EM2”
for h = 0.465 m, became “EM3”. For higher water
level of h = 0.565 m, the same wave behaviour as for
h = 0.515 m was observed except for waves of height
Hi,nom = 0.08 m (breaking behind forest—“EM5” for for-
est width of B = 0.75m and breaking in the forest—“EM4”
for the other forest widths). In the case of the highest
water depth h = 0.615 m, non-breaking wave conditions
occurred for two smallest wave heights (Hi,nom = 0.04,
0.08 m). In comparison to the previous water depth, waves
of height Hi,nom = 0.12 m broke behind the forest of width
B = 0.75 m and in the forest of width B = 1.5–3.0 m.
Except of waves of height Hi,nom = 0.08, breaking in the
forest of width B = 1.5 and 2.25 m, the evolution modes
of the two highest wave heights remained unchanged (i.e.
breaking over the foreshore slope—“EM3”).
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Fig. 10. Reduction of forces exerted by solitary waves on single mangrove models for forest width B = 0.75 m: (a) for the lowest water depth
h = 0.465 m, (b) for the highest water depth h = 0.615 m.
5. Wave Damping Performance ofMangrove For-
est
Due to the ampliﬁcation of the height of the leading soli-
ton accompanying the ﬁssion process, the transmitted wave
height (measured at the end of the forest) was in some cases
higher than the incident wave height (measured at the be-
ginning of the forest), particularly for non-breaking waves
propagating over the shortest forest, as shown in Fig. 8(a).
Therefore, the wave-induced forces on the single mangrove
models were found to be the most appropriate indicators of
the forest capability to attenuate solitary wave, in contrast
to the measurements of water free surface elevation.
First, the reduction of the maximum forces exerted by
solitary wave on single tree models was analysed as a
function of the position of the tree in the forest x ′ (with
x ′ = 0.0 m corresponding to the beginning of the forest).
In order to determine the effects of the evolution modes and
the incident wave height on wave damping, the patterns of
wave force reduction were plotted for each considered wa-
ter depth and forest width separately. Such an exemplary
comparison of the damping performance of the forest of
two extreme widths (the shortest one of B = 0.75 m and
the widest of B = 3.0 m) for the lowest and the highest
examined water depths (h = 0.465 and 0.615 m) is pre-
sented in Figs. 10 and 11. The corresponding conﬁgura-
tion of the force transducers is shown at the top left cor-
ner of these graphs. The contribution of the forest to wave
damping, clearly indicated by the non-breaking wave con-
ditions (see Figs. 10(b) and 11(b) for Hi,nom = 0.04 and
0.08 m), is however small in comparison to the breaking
waves and reaches maximally 28% (see Figs. 10(a) and
11(a) for Hi,nom = 0.04 and 0.20 m, Figs. 10(b) and 11(b)
for Hi,nom = 0.12 and 0.20 m). In case of the later, the
forces resulting from the wave impact on the ﬁrst tree row
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Fig. 11. Reduction of forces exerted by solitary waves on single mangrove models for forest width B = 3.0 m: (a) for the lowest water depth
h = 0.465 m, (b) for the highest water depth h = 0.615 m.
are always higher than the forces exerted on the tree rows
behind. The trees in the ﬁrst rows are of the same range
for identical water depth conditions, irrespective of the for-
est width. The rate of the force reduction within the forest
is further inﬂuenced by the forest width and becomes more
signiﬁcant with wider forest (what actually results from a
longer wave propagation distance that is covered by the
measurements, which allow for greater energy dissipation
associated with the breaking event).
For example, the force reduction achieved for forest
width of B = 0.75 m and water level of h = 0.465 m
varies from ca. 20% to 33%, while for B = 3.0 m it is be-
tween ca. 66% and 86% for the incident wave height range
Hi,nom = 0.04 and 0.20 m.
Based on the experience in the evaluation of the damping
performance of protective coastal structures, transmission
coefﬁcient can also be applied to coastal forests in order to
indicate its effectiveness in wave attenuation. Calculation of
the transmission coefﬁcient as a ratio of the forces exerted
by wave on a mangrove tree in the last and ﬁrst tree row
of the forest model was however introduced instead of the
commonly used ratio of wave heights measured behind and
at the beginning of a barrier (here the forest):
Kt = Max. force exerted on single tree in last forest row
Max. force exerted on single tree in ﬁrst forest row
.
(9)
This was dictated by the fact that no clear transmitted wave
height could be determined in case of the development of
the solitons train resulting from the ﬁssion process.
As indicated in Fig. 12, where Kt is plotted against rel-
ative forest width B/Li,gen (Li,gen: the generated/measured
wave length in front of the slope model, see Fig. 6), trans-
mission of solitary wave through the mangrove forest is
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Fig. 12. Transmission coefﬁcient as a function of relative width of mangrove forest.
Fig. 13. Transmission coefﬁcient in the 1 m-wide ﬂume without the forest models (after Daenecke, 2010).
signiﬁcantly inﬂuenced by the evolution modes which are
governed primarily by the incident wave/water depth con-
ditions. The highest transmission coefﬁcient corresponds to
non-breaking wave (i.e. evolution mode “EM1”) of height
Hi,nom = 0.04 m, propagating in water depth of h =
0.565 m over forest width B = 2.25 m. A much higher
wave reduction is achieved in case of breaking wave condi-
tions (i.e. evolution modes “EM2”–“EM3”) due to the addi-
tional source of energy losses caused by turbulent processes
accompanying the breaking event. The lowest transmission
coefﬁcient (Kt ∼ 0.21) was observed for wave of height
Hi,nom = 0.08 m, generated at water depth h = 0.465 m and
breaking in front of the forest (“EM3”) of width B = 3.0 m.
Generally, there is a trend of decreasing of wave trans-
mission with the increasing relative forest width, which is
particularly noticeable when comparing the transmission
coefﬁcients for the smallest (B = 0.75 m) and the largest
forest widths (B = 3.0 m). For example, for water depth
h = 0.515 m and incident wave height Hi,nom = 0.16 m the
transmission coefﬁcient yields Kt = 0.763 in case of forest
width B = 0.75 m and it is reduced to Kt = 0.488 in case of
forest width B = 3.0 m. Such a high rate of wave attenua-
tion in case of breaking waves results also from the fact that
the measurements of the forces exerted on single tree mod-
els were always performed over the entire considered forest
width (see exemplary the conﬁguration of the force trans-
ducers for single tree models in Figs. 10 and 11). Thus,
a much longer wave propagation distance was covered by
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Fig. 14. Comparison of transmission coefﬁcient based on force measurements (only forest model in the 2 m-wide ﬂume) and wave gauge measurement
(only shore model in 1 m-wide ﬂume).
the force measurements for the widest forest, so that more
signiﬁcant wave energy reduction took place as compared
to the shortest forest. Additionally, transmission coefﬁcient
may vary even by a factor of 3 for a similar ratio of relative
forest width B/Li,gen , depending on the evolution mode (as
indicated by the lower and the upper envelope in Fig. 12).
The calculated values of the transmission coefﬁcient are
provided in Table A.1 in Appendix A for each of the per-
formed tests.
The inﬂuence of the shore topography to the transmis-
sion coefﬁcient has been investigated separately by means
of water surface measurement analysis from the 1 m-wide
ﬂume (without the forest model) (Daenecke, 2010). For this
purpose, the total energy of the solitary wave was calculated
based on the following relationship:
Etot = Ep + Ek . (10)
The potential and kinetic energy can be calculated ac-



















where Etot is the total wave energy, Ek the kinetic energy,
Ep the potential energy, uo the particle velocity in horizon-
tal direction, vo the particle velocity in vertical direction, ρ
the water density, g the gravity acceleration, and η the water
surface elevation.
In this analysis, only the particle velocity in the direc-
tion of wave propagation (uo) is considered and according
to Munk (1949), linearization of mean particle velocity in
horizontal direction (uo) can be determined as follows:
uo = c η
h + η (13)
where uo is the mean particle velocity in horizontal direc-
tion, c the wave celerity, h the water depth, and η the water
free surface elevation.
Based on the energy conservation law, the transmission
coefﬁcient is deﬁned as the square root of the ratio of the






where Kt is the transmission coefﬁcient, Ei the incident
wave energy and Et the transmitted wave energy.
Water surface elevation measured by wave gauges 6a and
7a is the input for the analysis (see Fig. 6(a)). By consid-
ering all forest widths, water depths h, and solitary wave
heights Hi,nom , the transmission coefﬁcient Kt is plotted in
Fig. 13 as a function of relative forest width B/Li,gen (in the
1 m-wide ﬂume without the forest). Since there is no forest
model in the 1 m-wide ﬂume, forest width B as shown in
Fig. 13 is based on the forest width in the 2 m-wide ﬂume
in order to have comparable results.
From Fig. 13, it is clearly observed that Kt based on the
energy analysis is generally larger than Kt based on the
force measurements inside the forest model, particularly
for B/Li,gen > 0.4 (see also Fig. 12). This indicates that
the foreshore model may dissipate much of the wave en-
ergy, particularly for smaller B/Li,gen values and conﬁrms
ﬁeld ﬁndings from Chatenoux and Peduzzi (2005) that the
shore topography might reduce the impact of tsunami sig-
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niﬁcantly. The role of the forest model in tsunami damp-
ing increases as relative forest width B/Li,gen increases
(Fig. 14). The highest Kt values for the upper and the lower
envelopes of both results are almost similar because at these
points, the waves are in non-breaking conditions (EM1) in
which the equations used also valid solely for non-breaking
wave conditions. More detailed results also obtained for
regular and irregular wave trains which conﬁrm the sub-
stantial contribution of the foreshore topography to the total
wave damping performance (Husrin et al., 2011).
The transmission coefﬁcients presented in this paper are
comparable to the previously reported values from labora-
tory experiments, particularly for the range of Kt values.
Harada et al. (2000) reported Kt values for porous media
ranges from 1.0–0.5, while Kongko (2004) obtained the Kt
in the range between 0.95 and 0.65 for mangrove models
made of a group of cylinders. Using wires-made mangrove
models, Istiyanto et al. (2003) obtained a wider range of Kt
values (0.95–0.20). It should be noted here that those Kt
values were derived based on different parameterized tree
models as well as different foreshore models. Moreover,
their models also did not take into account the inﬂuence of
breaking wave conditions. For breaking and non-breaking
conditions, however, Augustin et al. (2008) reported Kt val-
ues for a group of dowels subjected by irregular waves in the
range of 0.99–0.65. Additionally, the highest transmission
coefﬁcient was determined for non-breaking wave condi-
tions, which is in agreement with the results of the present
study.
6. Conclusions
Two aspects of the damping performance of the man-
grove forest have been investigated: (i) the development of
the parameterization procedure to determine the tree model
with an identical hydraulic resistance as its actual counter-
part, which could be further used in the large scale model
tests, (ii) the determination of the effect of the incident
wave parameters, water depth conditions and forest width
on wave reduction by the forest. The successful application
of the parameterization procedure to a mature Rhizophora
tree (the roots and the trunk according to the stiff structure
assumption) revealed that the hydraulic resistance of the
tree (drag coefﬁcient CD), tested under steady ﬂow condi-
tions, is inﬂuenced by submerged root volume ratio Vm/V
and tree frontal area A f . A new relationship between the
drag coefﬁcient based on effective length Le and Reynolds
number Re is also provided.
The capability of the mangrove forest to damp tsunami
was determined on the basis of large scale experiments with
and without the forest model, which consisted of the se-
lected parameterized tree models for different incident soli-
tary wave conditions, water depths and forest widths. The
rate of wave attenuation, analysed in terms of the forces ex-
erted on single tree models, was found to be governed by
the observed wave evolution modes, generally classiﬁed as
non-breaking and breaking conditions. The highest wave
energy reduction by forest model was achieved for break-
ing waves propagating over the widest forest (transmission
coefﬁcient Kt = 0.2).
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List of Symbols
A f : frontal area of mangrove model [m2]
B: width of mangrove forest model [m]
c: wave celerity [m/s]
CD: drag coefﬁcient [-]
dr : submergence depth of mangrove
forest [m]
Dt : cylinder diameter for the trunk
model [m]
Dc: cylinder diameter for the root
model [m]
Etot: total energy per unit crest width [J/m]
Ek : kinetic energy per unit crest width [J/m]
Ep: potential energy per unit crest
width [J/m]
F : measured force [N]
FD: measured drag force [N]
FD(par): measured force of parameterized
mangrove model [N]
FD(real): measured force of real mangrove
model [N]
Fmax: maximum measured force on three
model [N]
h: water level [m]
Hi,nom : nominal incident wave height [m]
Hi,gen: generated incident wave height [m]
htr : height of tree trunk [m]
Kt : wave transmission coefﬁcient [-]
LAI: leave area index [-]
L: wave length [m]
Le: effective length [m]
Li,nom : nominal incident wave length [m]
Li,gen: generated incident wave length [m]
P: wave-induced pressure [kPa]
q: relative ﬂow discharge [m3/s/m2]
Re: Reynolds number [-]
u: current ﬂow velocity (depth-averaged
velocity) [m/s]
uo: particle velocity in the direction of wave
propagation [m/s]
uo: mean particle velocity in the direction of
wave propagation [m/s]
v: particle velocity perpendicular to the
direction of wave propagation [m/s]
V : control volume of water [m3]
Vm : volume of submerged roots [m3]
x ′: horizontal distance of force transducers
within the forest model [m]
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δFD: deviation of measured force [%]
η: water free surface elevation [m]
ν: kinematic viscosity of water (ν = 1.004
×10−6 m2/s for water temperature of
20◦C)
ρ: water density [kg/m3]
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Appendix A
Table A.1. Values of wave transmission coefﬁcient with corresponding wave evolution modes.
Nominal
Water incident Forest width B [m]
depth wave
h height 0.75 1.5 2.25 3.0
Hi,nom Kt EM B/Li,gen Kt EM B/Li,gen Kt EM B/Li,gen Kt EM B/Li,gen
[m] [m] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-]
0.04 0.797 “EM3” 0.120 0.616 “EM3” 0.217 0.384 “EM3” 0.330 0.139 “EM3” 0.435
0.08 0.784 “EM3” 0.170 0.668 “EM3” 0.312 0.572 “EM3” 0.473 0.207 “EM3” 0.627
0.465 0.12 0.666 “EM2” 0.209 0.695 “EM2” 0.383 — — — 0.215 “EM3” 0.776
0.16 0.752 “EM2” 0.241 — — — — — — 0.253 “EM2” 0.917
0.20 — — — 0.562 “EM2” 0.499 — — — 0.343 “EM2” 1.010
0.04 0.928 “EM1” 0.098 0.776 “EM1” 0.184 0.946 “EM1” 0.284 0.534 “EM1” 0.383
0.08 0.876 “EM3” 0.141 0.730 “EM3” 0.266 0.560 “EM3” 0.409 0.378 “EM3” 0.545
0.515 0.12 0.941 “EM3” 0.174 0.557 “EM3” 0.327 0.611 “EM3” 0.502 0.382 “EM3” 0.671
0.16 0.763 “EM3” 0.201 0.559 “EM3” 0.378 0.639 “EM3” 0.581 0.488 “EM3” 0.775
0.20 0.767 “EM3” 0.226 0.473 “EM3” 0.423 0.608 “EM3” 0.649 0.383 “EM3” 0.881
0.04 0.859 “EM1” 0.086 0.616 “EM1” 0.160 0.992 “EM1” 0.247 0.820 “EM1” 0.333
0.08 0.774 “EM5” 0.122 0.668 “EM4” 0.230 0.736 “EM4” 0.353 0.538 “EM4” 0.477
0.565 0.12 0.580 “EM3” 0.150 0.695 “EM3” 0.285 0.494 “EM3” 0.438 0.368 “EM3” 0.591
0.16 0.858 “EM3” 0.174 0.725 “EM3” 0.329 0.697 “EM3” 0.504 0.615 “EM3” 0.685
0.20 — — — — — — 0.924 “EM3” 0.563 0.505 “EM3” 0.769
0.04 0.754 “EM1” 0.075 — — — — — — 0.912 “EM1” 0.293
0.08 0.737 “EM1” 0.106 0.866 “EM1” 0.202 0.957 “EM1” 0.311 0.719 “EM1” 0.420
0.615 0.12 0.692 “EM5” 0.131 0.717 “EM4” 0.249 0.698 “EM4” 0.386 0.428 “EM4” 0.523
0.16 0.586 “EM3” 0.152 0.451 “EM4” 0.289 0.447 “EM4” 0.446 0.367 “EM3” 0.605
0.20 0.450 “EM3” 0.169 0.547 “EM3” 0.323 0.603 “EM3” 0.498 0.303 “EM3” 0.677
